Abstract: Among classes of nanoparticles developed as drug carriers and theranostics, nanodiamond (ND) has been gaining an increasing attention owing to its biocompatibility, easy functionalisation and chemical stability. Although biocompatibility studies on nanodiamond produced by detonation technique have been explored extensively, NDs produced by laser assisted technique are yet to be investigated. Here, we present comparative study on toxicity of NDs in 2D and 3D liver models. Results suggest toxicity occurs on the 2D model at higher concentrations of NDs after long term exposure.
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Introduction
The number of new classes of nanomaterials for therapeutic and diagnostic applications has increased dramatically in the last decade. These materials are intended to enable more precise and effective diagnosis and enhance the treatment efficacy of many life threatening diseases such as cancer and diabetes. The most common materials investigated for such applications include liposomes, solid lipid nanoparticles, hydrogels, dendrimers, nanofibres, metallic nanoparticles (i.e., iron, gold, silver), inorganic particles (i.e., silica) and carbon based nanoparticles (nanotubes, nanohorns, graphene and nanodiamond) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, there are many composite particles that combine two or more existing materials to enable additional functionality, for example, multimodal therapy; iron oxide combined with a thermosensitive lipid drug carrier allowing the controlled delivery of chemotherapeutics and induce hypothermia when exposed to oscillating electromagnetic fields [11, 12] . In recent years, drugs and specific proteins conjugated to nanoparticles have been shown to be effective for treatment of lung cancer, breast cancer, ovarian tumour and glioma tumour. Despite positive research outcomes in the field of nanomedicine, vast majority of newly developed nanoparticle systems are only at the early stages of clinical translation [1] , and the toxicity of nanoparticle remains a major concern.
Among classes of nanoparticles developed as drug carriers, nanodiamond (NDs) has been gaining attention owing to its biocompatibility, the ease of functionalisation, chemical stability, high thermal conductivity and favourable optical properties [4, [13] [14] [15] . These properties make NDs a suitable candidate not only as a drug carrier but also as a diagnostic agent. However, the major drawback of these particles for their biomedical application is their high chemical stability or non-biodegradability.
Recently, Yuan et al. [16] reported that majority of these nanoparticles accumulate in the liver within a short period of treatment (even within 30 min of dosing) and may be entrapped within other organs such as the spleen or lung for over a period of 28 days without being excreted. Despite their high stability and probability of being retained in the body for prolonged period of time, an in vivo study in a rat model suggested that these nanoparticles were non-toxic up to a dose of 75 mg/kg over a period of five months [17] . Initially, high stability and localisation of these particles for prolonged periods of time within the body was perceived to be unfavourable. However, if we consider the biocompatibility and probability of achieving targeted therapy to specific organs, it provides a great opportunity for developing these particles as potential candidates for theranostic, drug delivery and many other biomedical applications.
Owing to their extensive applicability and potential in the field of nanomedicine, diverse approaches have been used for the production of these carbon based nanoparticles. Detonation, laser assisted technique, high energy ball milling at high pressure and temperature, plasma assisted chemical vapour deposition, autoclave synthesis from supercritical fluids, chlorination of carbides are some of the commonly used manufacturing approaches [18] . Among these methods, nanodiamonds (NDs) produced by detonation have been most widely used and studied for drug delivery, diagnostic, tissue engineering and medical implants. Despite being the most frequently employed technique, there are some limitations associated with this approach of manufacturing, such as the incomplete conversion of explosive carbon to the diamond phase, providing a yield of only 4-10% of an explosive weight. Furthermore, lengthy and expensive purification and isolation steps are required to obtain these nanoparticles [18, 19] . To overcome these issues, Zousman [20] recently developed a new approach for NDs synthesis based on laser assisted technique. The NDs produced by this technique have higher purity index, diamond phase content, yield and require less purification [20] . However, novel properties and safety of these materials and their impact on biological processes are still largely unknown and warrants investigations. The outcome and thus the applicability of the toxicity studies of drugs or nanoparticles are highly dependent on the selection of an appropriate toxicity model.
Currently, a large proportion of research on drug metabolism and toxicity of NDs, including nanotoxicity, utilises two-dimensional cell culture models. These 2D models have severe limitations: they lack 'biomimicry' and are unable to provide 3D cellular information that exists in vivo and do not provide robust scientific evidence of nanoparticle effects on humans [21, 22] . Thus, the research interest is shifting towards the use of complex 3D tissue-like models for the assessment of nanotoxicity. These models more closely replicate the natural in vivo environment where cells exist in 3D microenvironments with complex networks of cell-cell interactions for the exchange of nutrients, formation of extracellular matrices and many other vital processes that facilitate the retention of cellular polarity for tissue organisation [23] [24] [25] . However, most of the models developed are based on the use of scaffold or external matrix for the formation of 3D structure. These models may have some limitations, such as extracellular matrices derived from different tissue have specific markers related to the tissue of origin in terms of biochemical composition, structural and mechanical properties. Thus, the artificial scaffolding material may not be able to replicate the exact complexity of the natural matrix and this may influence the ability of the model to mimic the exact in vivo environment [26] [27] [28] .
To overcome the aforementioned limitations of scaffold based tissue engineering, a number of studies involving cell aggregates or spheroids as building blocks were proposed for scaffold-free tissue engineering. Lately skin, bone and cartilage tissue models have been fabricated using this approach [29] . However, there are limited studies on the development of scaffold free liver models [30] . With the liver being the primary site for nanoparticle localisation, there is an urgent need to develop a functional model capable of evaluating the effects of nanoparticles on the liver [21] . A number of approaches such as the hanging drop method, rotating culture technique, use of concave plate or micropatterned devices have been explored for the generation of these 3D cell aggregates or spheroids. However, each of these have their own advantages and limitations [31, 32] . Recently, Souza et al. [25] developed a magnetic levitation based scaffold free 3D cell culture technique. In this approach, the cells are incubated with magnetic nanoparticles containing mixture of nanogold, poly-L-lysine and magnetic iron oxide, which has been reported to be nontoxic and do not induce inflammatory cytokines response like IL-6 and IL-8 [33] . They selectively attach to the cells electrostatically and non-specifically. Then, cells may be magnetised and manipulated with external magnetic fields into 3D patterns. As the cells are suspended with the application of magnetic fields from above, they interact with each other and form 3D clusters of cells. It has been reported that extracellular matrix formation initiates within a few hours after levitation and cellular phenotypes are retained for days. These magnetised spheroids may be used for developing functional tissue and have been successfully used for generating adipose tissue, breast tumour and a functional lung model [23, 24, 34] . Furthermore, these magnetised spheroids may be patterned into 3D rings and used for high throughput screening of toxicity based on 3D cell migration assays [33] .
In the current study, we present a comparative study of toxicity of NDs produced by laser assisted technique in 2D and 3D liver models for the first time. Monolayer cell culture model was used as a 2D model, while scaffold-free tissue model generated using magnetic levitation was used as a 3D model. Nanotoxicity was assessed using live cell imaging (cell morphology and migration) as well as viability and vitality assays. Furthermore, scanning electron microscopy based on Gatan back scattered electron was used to explore the distribution of NDs in 3D structures and microtomed tissue sections. In addition to this, for the first time, assessment of stiffness was carried out using scanning probe microscopy (SPM)-based Lorentz contact resonance (LCR) microscopy to evaluate the uptake and distribution of the nanoparticles and nanomechanical properties of the cellular models, which are directly related to the tissue/cell functionality. To deaggregate NDs and obtain a mono-dispersed solution, nanodiamond powder was dispersed in sterile ultrapure water and sonicated for two hours.
Materials and methods

Materials
Physical and chemical characterisation of NDs
Chemical characterisation
NDs were characterised with thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR) to evaluate thermal stability and identify the functional groups present on the particles. Thermal stability of the NDs was tested with TGA over a temperature range of 22-1000°C at the heating rate of 10°C.min -1 with nitrogen gas flow maintained at 250 mL.min -1 . FTIR ATR spectra of the nanodiamond powder were recorded by the attenuated total reflectance (ATR) technique using a FTIR7000 series spectrometer (Digilab, USA) with Germanium ATR crystal of 45 degrees incident angle and globar source of IR irradiation. Absorbance spectra were acquired in mid IR (infrared) range from 4000 cm -1 to 400 cm -1 taking average of 500 scans and an instrumental resolution of 4 cm -1 .
Particle size and morphology
Particle size and morphology of ND were evaluated with scanning transmission electron microscopy (STEM) and scanning probe microscopy (SPM). For STEM imaging, copper (100 mesh) TEM (transmission electron microscopy) grids with formvar film (Proscitech, Australia) were dipped into a drop of ND dispersion. The grid was then retracted and allowed to dry. STEM imaging was carried out with an acceleration voltage of 30 kV using a STEM detector. 3D images of nanoparticles that allow the evaluation of size and morphology of the individual particles were obtained using SPM. First, the NDs were immobilised on a mica disc functionalised with 0.1% poly-L-lysine (PLL). For the immobilisation, a protocol reported in the literature was adapted with some modifications [35] . Firstly, negatively charged mica disc were coated with positively charged PLL. Following the coating and rinsing with ultrapure water, the ND dispersion was pipetted on top of the coated surface to allow attachment of nanoparticles over the functionalised surface. Samples were washed and allowed to dry in air for 60 min. Imaging of the samples was carried out using AC mode with the following parameters: scan rate of 0.30-0.50 Hz, resolution 500 × 200 points. The images were processed using the Analysistudio™ software (Anasys instruments, Santa Barbara, USA) to enable particle size and morphology measurements.
Cytotoxicity studies
Cell type
Hepatic derived cell line Fao was kindly donated by Dr. Irwin Arias (National Institutes of Health, USA). Cells were cultured in DMEM with 4500 mg/L D-glucose, L-glutamine, with 10% foetal bovine serum (FBS), 1% Penstrep ® , and incubated at 37°C in 95% air and 5% CO 2 atmosphere. Medium was changed every 2-3 days and passaged as needed when monolayer was 80-85% confluent.
Two dimensional model for cytotoxicity studies
To assess the effect of NDs on cell viability, metabolic activity and proliferation, alamarBlue ® , Live/Dead assays and live cell imaging were used.
alamarBlue ® assay
Cells viability and proliferation was measured with the fluorogenic redox indicator alamarBlue ® assay (aB). This assay is based on conversion of a non-fluorescent compound resazurin into the fluorescent end product resorufin by viable and metabolically active cells [36] .
Fao cells (2 × 10 3 ) were seeded into 96 well plates and incubated for 4 h to allow cell attachment. Culture medium was replaced with fresh medium (200 µL) containing different concentration of NDs (10, 25, 50 and 100 µg.mL -1 ). These cells were incubated for seven days and metabolic activity was measured on days 2, 4 and 7. Prior to each measurement, media was aspirated and replaced with fresh DMEM (200 µL) containing 20 µL of the assay reagent. After incubation in the dark for 4 h at 37°C, 95% air and 5% CO 2 , fluorescence intensity was measured with excitation at 544 nm and emission at 590 nm using Fluostar Optima plate reader (BMG Labtech, Ortenberg, Germany). For each experiment, fluorescence readings of wells containing aB solution without cells were used as background and subtracted from each reading. Similarly, untreated cells served as control. Fluorescent values for all treatment were expressed as percentage of control.
Live/Dead assay
The viability of cells treated with NDs was investigated using the Live/Dead assay. The assay was carried out as per the manufacturer's protocol. Briefly, Fao cells (2 × 10 3 ) were seeded into 96 well plates and were allowed to attach for 4 h. Culture medium was replaced with fresh medium (200 µL) containing different concentration of NDs (10, 25, 50 and 100 µg.mL -1 ) and incubated for seven days. Cells were washed with PBS and treated with 2 µMCalcein AM and 4 µMEthD-III in PBS and incubated in dark for 45 min at 37°C. The numbers of live (green) and dead (red) cells were evaluated qualitatively based on the fluorescent images (Nikon Eclipse TE2000-U inverted fluorescent microscope).
Live cell imaging
Influence of nanoparticles on cell morphology and proliferation was investigated by recording time lapse images of the cells over seven days. Fao cells (2 × 10 3 ) were seeded into 96 well plates and allowed to attach for 4 h. Then media was aspirated and replaced with fresh medium (200 µL) containing different concentrations of NDs (10, 25, 50 and 100 µg.mL -1 ). The plate was imaged in phase using an IncuCyte ZOOM™ Kinetic Imaging System (Essen Bioscience, USA) every 1 h for seven days.
Three dimensional model for cytotoxicity studies
Fabrication of 3D model
The scaffold-free 3D model was fabricated using magnetic levitation (Figure 1 ). Magnetic levitation was carried out as per the protocol reported in literature [33] . Flasks of Fao cells grown in 2D at 70-80% confluence were incubated overnight with the magnetic nanoparticle assembly (Nanoshuttle, n3D Biosciences, USA) at a concentration of 8 µL.cm -2 of cell culture area. Media was aspirated and washed with PBS to remove unbound nanoparticle assembly. The cells were detached with TrypLE TM Express and were neutralised with DMEM and then transferred to Falcon tube and centrifuged at 1000 rpm for 3 min. Cell pellet were redispersed in media and 2 mL of cell suspension containing 1.2 × 10 6 cells/mL was added to a well in an ultra-low adhering 6 well plate. The plate was closed and a six-well magnetic drive containing neodymium magnets was placed on top of the lid to levitate the magnetised cells to the air-media interface. The cells were allowed to levitate overnight in the incubator. 
Three dimensional ring closure assay
The ring closure assay was used to evaluate the effect of NDs on cell viability and migration as a measure of toxicity. The ring closure assay was carried out as per the protocol previously reported in the literature [33] . Briefly, the cells incubated with Nanoshuttle ® were levitated with the neodymium magnet overnight. The magnet was placed on top of the six well plate and cells were driven by magnetic field towards the media surface and formed aggregated 3D clusters. Levitated 3D clusters of Fao cells were dispersed using a pipette. A cell density of 2 × 10 5 cells per well was seeded to an ultralow attachment 96 well plate placed on top of a 96 well ring shaped magnetic drive with outer and inner diameter of 0.48 mm and 0.16 mm, respectively. These magnets attracted the cells at the bottom of the well to form a ring pattern. Cells were incubated for 1 h to form a robust 3D ring structure. NDs (10, 25, 50 and 100 µg.mL -1 ) were added to the respective wells with n = 5 per concentration. The plate was removed from the magnetic drive and was placed in a custom polycarbonate apparatus. A light source (LightPad A920, Artograph Inc.) was placed over the polycarbonate platform with the plate in between the light pad and a mobile device (Ipod touch, 32 GB, Apple computer) (Figure 1b(v) ). The mobile device was used to monitor the ring closure over 24 h period. The Ipod was programmed to take an image at 15 minutes interval over the specified time period using a specific application (Experimental assistant, n3D Biosciences). The Ipod can resolve 250 µm wide lines as reported previously [33] . These images were analysed using a custom n3D software image analysis code written in MATLAB (Matworks, Natick, MA) to measure the outer diameters of the ring. The percentage change in diameter was assessed by normalising the diameters to its initial diameter. Slope of the ring closure for the treatment was compared to control to evaluate the dose response over the period of the experiment. When cells are exposed to toxic particles they become less viable and tend not to migrate, allowing the dose response to be determined based on the extent of ring closure over a time period [33] .
Live/Dead assay
Viability of the cells within the 3D structure was determined with Live/Dead assay. For the aspiration of media, 96 well magnetic drive was placed beneath the plate. This allows the magnetised ring to remain at the base without being aspirated along with the media. Following the aspiration, further process was carried out as per the protocol discussed for 2D model with additional 1 h of incubation.
Morphology and particle uptake studies
Morphological evaluation
Structural and morphological features and distribution of NDs within the 3D cellular spheroid was investigated with SEM and SPM. The spheroid rings were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer followed by dehydration in a series of ethanol concentrations: 30%, 50%, 70%, 95% and 100%. These spheroids were transferred to carbon tape, mounted on SEM stubs. Some of the spheroids were imaged using Sigma VP Zeiss field emission SEM (CarlZeiss, Jena, Germany) using a Gatan back scattered electron to evaluate the distribution of the magnetic nanoparticles and NDs. Other spheroids were sputter coated with approximately 20 nm thick gold using a K550X sputter coater (Quorum Emitech, Kent, UK). Images were obtained using Sigma VP Zeiss field emission SEM (CarlZeiss, Jena, Germany). Dehydrated spheroid rings prior to gold coating were scanned on SPM (AFM NanoIR, Anasys Instruments, California, USA) in AC mode with the following parameters: scan rate of 0.30-0.50 Hz, resolution 500 × 200 points. These images were processed using the Analysistudio™ software (Anasys instruments, Santa Barbara, USA) to enable the study of the distribution of nanoparticles and their morphology.
Particle uptake studies
To identify particle uptake of NDs at the cellular level, semi-thin (500 nm) and ultrathin microtomed sections (70 nm) of resin embedded spheroid were scanned using a Sigma VP Zeiss field emission SEM (CarlZeiss, Jena, Germany) and SPM (AFM NanoIR, Anasys instruments, Santa Barbara, USA). The spheroids were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), post-fixed in 1% osmium tetroxide (OsO 4 ) in the same buffer and dehydrated in graded ethanol, starting with 30% ethanol. The samples were embedded in Spurr's embedding kit (ProScitech, Australia) containing epoxy resin mixture. Ultrathin (70 nm) and semi thin (500 nm) sections were cut using glass knives on a Leica UltraCut S ultramicrotome (Leica Microsystem GmbH, Vienna, Austria). Ultrathin sections were placed on copper supporting grids for scanning electron microscopy, stained with 2% uranyl acetate and 0.05% aqueous solution of lead citrate and examined in a Sigma VP Zeiss field emission SEM using a Gatan back scattered electrons.
Semi-thin sections were transferred to zinc selenide prisms (Anasys instruments) and scanned on SPM (AFM NanoIR, Anasys instruments) in LCR mode to evaluate morphology in 3D and the variations in nanomechanical properties across the section [37] . To obtain the nanomechanical spectra, images were taken in LCR mode over a drive frequency range of 1-1000 kHz at an increment rate of 100 kHz.s -1 with following parameters: scan rate of 0.30 Hz, resolution 500 × 200 points and drive strength of 15%. The images were processed using the Analysistudio™ software (Anasys instruments).
Statistical analysis
All data are presented as mean ± standard deviation (n = 3) for alamarBlue ® assay. Two-way analysis of variance (ANOVA) followed by Tukey Kramer post hoc analysis was used for multiple comparisons between various group assays. All statistical analyses were performed using a 95% confidence interval and P < 0.05 was considered as statistically significant.
Results and discussion
Chemical and physical characterisation
The toxic effect of nanodiamonds (NDs) has been reported to be influenced by a number of physicochemical factors such as particle size, surface chemistry, functionalisation, presence of contaminants and their probability of aggregation [18, 38] . The physical and chemical properties of the NDs produced by laser assisted technique were investigated.
Chemical characterisation
Thermal analysis of the NDs showed that the majority of weight loss (~40%) occurred within the temperature range of 500°C and 1000°C (maximum rate of weight loss per degree rise in temperature [dm/dT max ] at 543°C) (Figure 2(a) ). It is most likely that the weight loss was due to the pyrolysis of NDs, which occurs at temperatures above 500°C [35, 39] . Weight loss results are not in full agreement with the literature, where it was reported that 95% NDs degradation occurred within the temperature range of 495°C and 605°C [35] . The oxidation of the NDs may have contributed to this discrepancy as the previous study was conducted in air, which contributed to the faster and complete degradation of nanoparticles [35] . Our experiments were conducted in an inert nitrogen atmosphere, where complete pyrolysis of NDs may not have occurred. Furthermore, the results also indicate that these particles are free from contamination with amorphous and C 60 carbon, which would degrade at temperatures less than 400°C and 425°C respectively. In addition, dm/dT max at 543°C suggests that the particles are in nanometre range as the temperature is approximately 90°C lower than that observed in micron sized diamond particles [35] .
The FTIR spectra (Figure 2(b) ) showed many peaks in the broad range of range of 1000 cm -1 and 1500 cm -1 which has been reported to be present in nanodiamonds manufactured by other techniques as well [18] . A number of characteristic stretching vibrational peaks of NDs at 1107 cm -1 , 1177 cm -1 and 1256 cm -1 , which corresponds to C-O groups were observed. The appearance of these peaks may be related to the presence of post-manufacturing residues attached to the surface; NDs was produced using laser assisted technique, where fatty acids such as stearic acids are used [40] . The use of fatty acids may result in the presence of carboxyl groups on the surface of nanoparticles and they may react with each other and form an anhydride group and water molecule. The ether-group-like fragment of the anhydride chain (C-O-C) is responsible for the appearance of peaks at 1107 cm -1 , 1177 cm -1 and 1256 cm -1 [41, 42] . Low intensity peaks were also observed at 1322 cm -1 and 1436 cm -1 , and these peaks are associated with aceto-group and C-H (SP 3 ) bending vibration. Presence of peak at 1322 cm -1 is also associated with the manufacturing process for these NDs where acetone is used for immersion of the carbon source target prior to the application of a laser source to obtain NDs [20] . Furthermore, the presence of a peak at 1760 cm -1 (C=O) indicates that nanoparticles were partly oxidised, while peak at 1630 cm -1 may be owing to the C-O stretch associated to carboxylic acids present on the surface of these particles. A broad peak at 3400 cm -1 correspond to O-H bending vibration may be owing to the adsorbed moisture on the surface of these nanoparticles. The presence of these bands might indicate the adsorption of water or covalently bonded hydroxyl groups, which could possibly be associated with the production and purification procedure [43, 44] .
Particle size and morphology
For the evaluation of particle size and morphology, STEM and SPM were used. STEM image (Figure 2(c) ) shows that the individual particles are approximately 10 nm in size and aggregates in the range of 200 nm. SPM image (Figure 2(d) ) shows that individual nanoparticles are in the range of 3-10 nm and they have triangular to cuboidal geometry.
Cumulatively, STEM and SPM examination confirmed that ND particles have a tendency for agglomeration. This tendency may be owing to the presence of electrostatic forces produced by the oppositely charged planes of the polyhedral diamond structure or owing to the presence of interparticulate 'graphitic soot-like structures' capable of binding individual particles resulting in the formation of larger aggregates [19] . Furthermore, the presence of functional groups as indicated by FTIR spectra may be a possible reason behind the aggregation and can be attributed to dipole-dipole interactions and the involvement of weak van der Waals' forces or hydrogen bonding [19] . 
Cytotoxicity studies
After the physical and chemical characterisation of NDs, the toxicity of these particles on the 2D and 3D liver model were investigated.
Two dimensional model for cytotoxicity studies
Cytotoxicity of NDs on Fao cells cultured as monolayer (2D model) was evaluated using aB assay, Live/Dead assay and by live-cell imaging (cell growth and migration). Phase contrast images of the cells after seven day of treatment with NDs ( Figure 3(a) ) showed that cells changed their morphological features. In general cell were more rounded when compared to control cells and formed circular colonies from the concentration of 25 µg.mL -1 . In addition the number of cells decreased with the increase in concentration of ND, suggesting that NDs had some toxic effect on cells. These results were in agreement with the Live/Dead assay, which confirmed lower number of cells and the formation of colonies with increased concentration of NDs. In addition, it was evidenced that the number of dead cells increases with the increase in ND concentration - Figure 3(b) .
Furthermore, metabolic activity of cells (Figure 3(c) ), which may suggest toxic effects of NDs, was insignificantly affected by NDs until day 4 irrespective of the concentration (10, 25, 50 and 100 µg.mL -1 ). However, after four days of the treatment metabolic activity decreased by approximately 60% in all samples treated with NDs in comparison to the control groups (untreated). After seven days, metabolic activity of cells treated with 10 µg.mL -1 of ND was approximately 20% higher than the cells treated with 25, 50 and 100 µg.mL -1 . However, for concentrations higher than 25 µg.mL -1 , metabolic activity was found to be similar and insignificantly different (P > 0.05). This plateauing of metabolic activity suggests that once the concentration of NDs is around 25 µg.mL -1 , the metabolic activity of cells is not concentration dependent. This result suggests that there is a limit for nanoparticle uptake by the cells and once the cells are saturated with NDs, their metabolic activity gradually decreases and cytotoxic effect of NDs are observed in the long term. The viability of cells dropped when cells were exposed to ND for four days and beyond, which was also confirmed by Live/Dead assay results - Figure 3(b) .
Changes in morphological features, decreased cell number, and lower viability of cells suggest the toxic effect of NDs above the concentration of 25 µg.mL -1 .
The formation of the colonies and decrease in metabolic activity may be related to the formation of senescence like cells, which was previously observed for NDs treated human cervical cancer (HeLa) cells [45] . However, further investigation is needed to confirm the formation of senescence like cells. Previous studies on NDs suggest that these nanoparticles have cell specific toxicity profile owing to their possible surface modification, particle size, presence of metallic impurities, etc. For example, neuroblastoma, macrophage, keratinocyte and A549 cells were reported to be compatible with NDs up to the concentrations of 100 µg.mL -1 over treatment duration of 24 h. However, cytotoxic and genotoxic effects were observed in HeLa cells at 50 µg.mL -1 and 100 µg.mL -1 within 24 h of treatment [45] . However, none of the studies was carried out beyond 24 h and unlike our studies, long-term cytotoxicity was not determined.
From the FTIR studies, it was confirmed that some of the NDs had oxidised, the toxic effect of these particles may be owing to the presence of oxidised NDs. It has been reported that oxidised NDs may have a potent genotoxic effect resulting in DNA fragmentation and apoptosis mediated cell death as observed in embryonic stem cell and human lymphocytes [46] . Thus, decreased aB reduction and decreased viability may be correlated to cell death associated to the genotoxic effect of NDs.
Three dimensional model for cytotoxicity studies
Ring closure and Live/Dead assays were performed to test the cytotoxicity of the NDs on Fao cells cultured in 3D.
Three dimensional ring closure assay
Ring closure assay is comparable to the wound healing assay in 2D cultures, where cells divide and move towards the wound to facilitate wound closure. When cell-cell contact is lost, increased secretion of growth factors occurs, enabling the cells to proliferate and migrate towards other cells. The cells tend to move and will not stop until cell-cell contact is re-established [47] . However, if the drug or treatment shows some toxic effect, cells would not be able to migrate and proliferate and ultimately the rings would not close. This phenomenon was reported in a recent study where toxic effects of ibuprofen and sodium dodecyl sulphate on human embryonic kidney cell (HEK 293) and human tracheal smooth muscle cells (SMC) was estimated on the basis of extent of ring closure [33] .
Over the treatment period of 24 h, the outer diameter of rings (control and NDs treated) decreased by approximately 60% (Figure 4(a) ) as compared to the initial outer ring diameters (Figure 1(c) ). The closure of ring and decreased external diameter indicates that the NDs had insignificant toxic effect on the cells and these cells were viable irrespective of the NDs concentration. This result is in agreement with the Live/Dead assay (Figure 4(b) ), which confirmed that majority of the cells within the 3D ring structure were viable (qualitatively). The outer diameters of the ring and the rate at which their outer diameter changed during the treatment period was comparable for both control and NDs treated rings (Figure 4(c)) ; decrease in the outer diameter of each ring was normalised to control (Figure 4(d) ) to demonstrate the dose response for each concentration of NDs (10, 25, 50 , 100 µg.mL -1 ). The slope of the outer ring closure curve, which represents the rate of cell migration, was identical for all groups and this indicated that NDs does not affect the viability and migration ability of the cells in 3D environment. The ring closure assay confirmed that NDs were not cytotoxic and this result is not in full agreement with the 2D result, where concentration and duration dependent toxic effect of NDs was observed. This may be related to the differences in 2D and 3D models in terms of diffusional pathways, extracellular matrices and total number of cells exposed to a given concentration of NDs. Cells grown as 2D monolayer culture would have limited cell-cell contact and extracellular matrix secretion. Furthermore, cells lose their native tissue organisation and polarity and interaction with specific proteins when cultured on tissue culture plastic [22, 48] . It has also been reported that loss of phenotype, differences in metabolic activity and genetic expression may occur when cells are grown as a monolayer culture, which makes 2D cultures suboptimal. Therefore, nanotoxicity examined using 2D cultures may give rise to negative false results, which was also observed for zinc oxide nanoparticles where toxicity was significantly lower when assessed using 3D than 2D monolayer culture of SW480 and NCM460 colorectal cells [22] . This may be further related to the fact that the cells are in direct contact with nanoparticles and these particles can easily pass through the cellular membrane as the diffusional pathway is very short leading to higher toxicity in case of 2D cell culture.
In contrast, when cells are cultured as 3D spheroids, densely packed cell clusters and extracellular matrix with specialised proteins and proteoglycans are formed and this structure is a potential barrier to particle uptake. Furthermore, cellular polarity in 3D models is retained facilitating tissue-like organisation, which would represent in vivo-like diffusional pathways before the nanoparticles can reach the target site [48] . However, study on long term toxicity of NDs in 3D needs to be done to establish the correlation between 2D and 3D model.
Morphology and particle uptake studies
Further investigations were done to evaluate the morphological features of the spheroid and to identify distribution and uptake of nanoparticles at cellular and spheroid level.
Morphological evaluation
Spheroid rings were assessed using SEM and SPM to determine their morphology and to qualitatively assess the distribution of NDs within the structures. Both techniques demonstrated the formation of compact 3D cellular structure with the distribution of NDs throughout the spheroids ( Figure 5(a) and (b) ). The localisation of magnetic nanoparticles within the aggregates of NDs was observed on the backscattered electron image of the spheroids. Magnetic nanoparticles could be clearly distinguished from ND owing to their different atomic number (Figure 5a(i) red arrows) . These nanoparticles were present at a very low percentage compared to NDs as indicated by bright white spots - Figure 5a (i). These magnetic particles had no significant effect in the functionality and viability of the 3D rings as indicated by the ring closure and Live/Dead assay.
Analysis of the spheroid and spheroid section revealed that there were variations in nanomechanical properties within the structure. These changes may be associated with the presence of the nanoparticles. Uptake and localisation of NDs within the cell membrane and cytoplasm was confirmed from SEM image (Gatan back scattered electron signal) (Figure 5a(iii) )of the spheroid section where NDs can be seen as black spots within the cellular structure.
It was also observed that cells were growing on top and within the NDs aggregates (Figure 5a(ii) ). NDs attach to cells and owing to their ability to form noncovalent bonds with the proteins present on the cell surface it may lead to aggregation of NDs on cell surface [46] . Furthermore, attachment of the NDs as individual particles and aggregates on cell surface may facilitate their uptake. While the individual NDs have size in the order of 10 nm and aggregates above 200 nm, their (individual NDs and aggregates) uptake can be explained by three size-dependent mechanisms:
• filapodia mediated micropinocytosis
• caveolae mediated endocytosis, both for particles up to 60 nm
• clathrin-mediated endocytosis, for particles up to 100 nm [46] .
On the basis of the SEM and SPM observations and considering the affinity of NDs to adsorb proteins it may be speculated that NDs provides chemical and structural cues to cells and acts as scaffold or platform that stimulated their growth. SEM and SPM observations indicate that these nanoparticles may be non-cytotoxic in 3D and may be explored for drug delivery application as well as tissue regeneration. It has been already reported that NDs had positive effects on growth of renal epithelial cells (HK-2 cell line), neural stem cells (NSCs), RAW 264.7 (murine macrophages) and MG63 cells (osteoblast-like cells) [35, [49] [50] [51] . Nanoparticles are likely to impact the cell structure, thus altering its mechanical properties, which also indicate changes to the cell functionality [52, 53] . Shifts in resonance frequency to higher frequencies (~190 kHz) and amplitude (~1.19 V), which were observed in several zones across the spheroids, indicated that there were areas of higher stiffness possibly due to the NDs presence. Topographical images (Figure 5a (iv), 5(b) and 5(c)) confirmed the presence of cuboidal structure with morphology similar to that of NDs evidenced from SEM micrograph (Figure 5a(i) and (ii) ). This observation provides evidence that nanoparticles exhibited localised increase in stiffness. Within the spheroid and spheroid section, there were other regions having contact resonance frequency (~185 kHz) and amplitude (~0.73 V) (Figure 5b (ii) and 5c(ii)) and this may be associated with the cellular structure with higher viscoelastic property and lower rigidity as the resonance frequency and amplitude were lower than in the region of nanoparticle localisation.
Conclusions
The study of effects of NDs on cytotoxicity, cell growth, proliferation and morphology in two and three dimensional models showed differences in the level of toxicity of NDs depending on the model used. In particular, in 2D models NDs were found to reduce the metabolic activity of the cells after 4 days of treatment. This reduction maybe associated with genotoxic effect of oxidised NDs and this effect was time-dependent as metabolic activity of cells dropped after four days of exposure to NDs. However, above a threshold concentration of around 25 µg.mL -1 , cells showed similar metabolic activity irrespective of the concentration. Uptake of NDs was concentration-dependent and when cells reached the saturation threshold (25 µg.mL -1 ) they tended to form colonies and resisted further uptake of nanoparticles.
On the contrary, in 3D model, the rate of ring closure, which corresponds to the ability of cells to migrate and proliferate (viability and functionality) was found to be comparable for all the treatment groups and control. In addition, the viability of cells was similar for control and treatment groups (Live/Dead assay). These results suggests that NDs had no significant toxic effect when the cells were cultured as 3D compact structures.
Differences in ND toxicity in both 2D and 3D models may be related to the altered diffusional pathways of nanoparticles uptake, the presence of extracellular matrices, i.e., in 3D models, and to the total number of cells that were directly exposed to a given concentration of NDs. As the toxicity of ND was observed but varied between 2D and 3D models, further studies in other tissue models may be required to ascertain their safety prior to their use for drug delivery or imaging as proposed in the literature.
